karyotyping ͉ transformation ͉ chromosome engineering
Direct repeats of Arabidopsis telomeric sequence were constructed to test telomere-mediated chromosomal truncation in maize. Two constructs with 2.6 kb of telomeric sequence were used to transform maize immature embryos by Agrobacterium-mediated transformation. One hundred seventy-six transgenic lines were recovered in which 231 transgene loci were revealed by a FISH analysis. To analyze chromosomal truncations that result in transgenes located near chromosomal termini, Southern hybridization analyses were performed. A pattern of smear in truncated lines was seen as compared with discrete bands for internal integrations, because telomeres in different cells are elongated differently by telomerase. When multiple restriction enzymes were used to map the transgene positions, the size of the smears shifted in accordance with the locations of restriction sites on the construct. This result demonstrated that the transgene was present at the end of the chromosome immediately before the integrated telomere sequence. Direct evidence for chromosomal truncation came from the results of FISH karyotyping, which revealed broken chromosomes with transgene signals at the ends. These results demonstrate that telomere-mediated chromosomal truncation operates in plant species. This technology will be useful for chromosomal engineering in maize as well as other plant species.
karyotyping ͉ transformation ͉ chromosome engineering T elomeres are the natural ends of chromosomes that protect them from instability (1) . They consist of tandem arrays of a highly conserved sequence and associated proteins. The telomeric sequences of many multicellular eukaryotes have been cloned (2) (3) (4) (5) (6) . The telomere motifs are usually 5-to 8-nt long and are highly conserved among eukaryotic organisms (7) . In most plant species, the conserved sequence is TTTAGGG, which was cloned from Arabidopsis thaliana (2) . Exceptions to the Arabidopsis type were reported in some species of Asparagales (8) (9) (10) (11) . These repeats recruit proteins that form a protective nucleoprotein complex. Also, the telomeric repeat can recruit the telomerase for chromosome end-replication to counter the resulting chromosome shortening, which is predicted from the normal chromosome replication (12) .
The function of the cloned human telomeric sequence was demonstrated by re-introduction into mammalian cells (13) . An interesting phenomenon was that introduced telomeric sequences could produce chromosomes with new telomeres (13, 14) . The broken chromosomes were transmissible in cell lines as well as through the germ line (13, 15) . The telomere-mediated chromosomal truncation technology has been adopted for the production of minichromosomes, which can be used as artificial chromosome platforms (15) (16) (17) (18) (19) (20) .
Telomeric repeats had been used in transformation of Arabidopsis (21) . The construct had telomeric repeats at both ends of the transfer DNA (T-DNA) region and a low frequency of transformation was observed. The telomeric sequence from the construct was not found in regenerated transgenic plants. In this report, we demonstrated that 2.6 kb of Arabidopsis telomeric repeats were efficient for telomere-mediated chromosomal truncation in maize. By analyzing plants regenerated from callus of the primary transformation before an intervening haploid gametophyte generation, deletions resulting from truncations could be recognized and analyzed. We also show that internally integrated telomeric sequences are stable in the genome. With appropriate modification, this technology opens the possibility for plant artificial chromosome construction as a platform for genetic engineering.
Results
Plasmid Construction and Agrobacterium-Mediated Gene Transformation. Telomere-mediated chromosomal truncation has been reported in mammalian cells (13) . In this report, a 2.6-kb direct repeat of Arabidopsis telomeric sequence was used in two constructs, pWY76 and pWY86, to test the ability of telomeric sequences to cause chromosomal truncations. In addition to the telomeric repeats, promoter-less lox66-GFP or lox71-DsRed was included in the constructs, pWY76 and pWY86, respectively, for future manipulations by site-specific recombination systems. A hygromycin phosphotransferase gene (HPT) was reported as a selection marker gene for maize transformation (22) . We included a HPT gene-expression cassette in pWY76, although under our conditions this selection marker did not work well. In pWY86, a Pnos-FRT-FLP-Tnos gene-expression cassette was included for potential manipulations using the FRT͞FLP sitespecific recombination system (23) . A third construct, pWY96, which contains the elements common to both pWY76 and pWY86 but lacks the 2.6-kb telomere sequence ( Fig. 1 ) was used as a control to test the function of telomeric sequences and was used as a FISH probe to detect all transgenes from pWY76, pWY86, and pWY96 transformations.
The three constructs were used to transform maize immature embryos by an Agrobacterium-mediated gene transformation method (24) from July, 2004 to December, 2005. The total number of transgenic events were 93, 83, and 44 for the constructs pWY76, pWY86, and pWY96, respectively. Transgenic lines were analyzed as described below.
Chromosomal Truncations in Maize Transgenic Lines. A maize karyotyping method developed by Kato and colleagues (25) was used to localize transgenes and to screen for cases of chromosomal truncations. It has been shown that karyotypes of HiII parent A and parent B as well as chromosomal aberrations can be easily detected by this method (26) . To localize transgenes and to detect chromosomal truncations, metaphase chromosomes from T 0 transgenic plant root tips were probed with a pWY96 probe plus the karyotyping mixture (25) . Transgene locations and structural chromosomal aberrations were recorded (Table 1 , which is published as supporting information on the PNAS web site). One hundred twenty-three trangene loci were observed in the 93 transgenic plants with construct pWY76, 57 of which were found at distal regions of chromosomes (near chromosome termini). The distal chromosomal position of a transgene re-vealed by FISH on highly condensed metaphase chromosomes cannot distinguish whether chromosomal truncation has occurred. However, chromosomal truncations should all have distal transgenes. Similarly, in the 83 transgenic plants with the pWY86 construct, 108 transgenic sites were observed with 61 distal loci. In the control, 58 transgenes were characterized in 44 transgenic plants with the construct pWY96, in which 11 distal loci were observed. A chromosomal truncation was revealed by FISH when the loss of a chromosomal segment was observed. In Fig. 2 , we show the deletion of the short arm of chromosome 3 in event B77 (Fig. 2 A) , the loss of the short arm of chromosome 1 terminal knob in event T87 (Fig. 2B) , and the loss of subtelomeric 4-12-1 sequence (25) from the long arm of chromosome 4 in events B37 and B44 ( Fig. 2 C and D) . In all these cases, the deletion of a chromosomal segment was correlated with the integration of the transgene at the corresponding terminal position. However, many truncations might not be revealed by this method. For example, small deletions caused by truncation might not be observed on highly condensed somatic chromosomes.
Because of the limitations of the cytological analysis, a Southern hybridization method was performed on selected transgenic lines that had distal transgenes to characterize potential truncations. Chromosomal truncations result in synthesis of new telomeres at broken ends to maintain chromosome stability. The seeded telomeres are heterogeneous in size because the telomerase adds different numbers of telomeric repeats to the chromosomal termini in each cell (13) . A Southern hybridization will reveal the heterogeneous telomeres as a smear if DNA is digested with a restriction enzyme that cleaves a nearby internal site. Genomic DNAs from T 0 transgenic plants with distal transgene locations were digested with HindIII or EcoRV, and Southern blots were hybridized with 32 P-labeled GFP gene or a FLP gene fragment (Fig. 1) . We also probed these blots with a 32 P-labeled bar gene as a control to test whether the nontelomeric left border sequence could cause truncations. Discrete bands were observed when probed with the bar gene because no telomere is associated with this internal fragment. In contrast, smears were observed when the blot was probed with the GFP gene probe for pWY76 transgenic plants or a FLP gene fragment probe for pWY86 transgenic plants because there are no restriction sites on the telomere side of the probe homology. We characterized a total of 56 transgenic lines that had transgenes localized near the ends of chromosomes and found that 3 of 17 pWY76 transgenic lines (containing 22 distal transgenes) and 6 of 27 pWY86 transgenic lines (containing 31 distal transgenes) had the smear patterns of hybridization (17.0%). If this ratio can be applied to the number of lines with distal transgenes, we can expect a minimum of 20 truncations in 118 distal transgene loci from 231 recovered insertions, an efficiency of 8.7% chromosomal truncation by the two constructs with telomeric sequence. Smear patterns were observed for two events (B37 and B77) that were characterized by FISH and that had obvious truncations ( Fig. 2 A and C) . As a control, all of the 10 lines with 11 distal transgene loci from the total of 58 insertions that were transformed with pWY96 gave a discrete band when probed with either the left-border bar probe or the right-border FLP probe, an indication that no truncations occurred (data not shown). Thus, from the 58 insertions of the control construct, none could be documented as a truncation. These results indicate that the telomeric sequence per se in the experimental constructs is the cause of chromosomal truncations.
A total of 13 chromosomal truncations were revealed by either FISH or Southern hybridization (Table 1) . To confirm further the terminal nature of the transgenes, three restriction enzymes were chosen to digest the genomic DNAs, and the blots were hybridized with the 32 P-labeled FLP gene fragment (Fig. 3A) . We predicted a shift in smear size according to the relative position of the restriction sites if chromosomal truncation had occurred, because the end of the telomere can be regarded as a fixed end of the restriction fragment (13) . The HindIII sequence is the most distal restriction site, and should produce a smear with the lowest size, whereas the largest smear should be produced by SmaI digestion, which cleaves the most proximal site (Fig. 3A) . As expected, candidate truncated events (B37 and B77) produced the shifted smear patterns (Fig. 3B, lane 1-3 and 7-9 ), whereas two events without smears, one with a distal insertion (B2) and one with an internal insertion (B21) produced discrete bands (Fig. 3B, lane 4-6 and 10-12) . Because an EcoRV site was also present distal to the telomere sequence in the transformation plasmid, the smeared EcoRV restriction fragments indicate that the sequences distal to the telomere were deleted during the truncation process. This result confirmed that the transgenes in the two lines with smear patterns of hybridization were located at the ends of chromosomes. The additional discrete bands found for these truncated lines likely result from other internal integrations of the transgene or its fragments. As a control, the same digested blot produced all discrete bands when probed with the bar gene (data not shown), which ruled out the possibility of truncations by the nontelomeric sequences in these constructs.
Stable Integration of Telomeric Sequences at Internal Locations.
To determine whether telomeric sequences were lost in the internally integrated lines, metaphase chromosome spreads from six randomly selected transgenic maize lines that had internal transgenes (eight transgene loci) were probed with a telomere probe (green) and a pWY96 probe (red). Internal telomere signals were detected in all eight internal transgene locations, and they overlapped with the transgene signals (Fig. 4) . This result suggested that telomeric sequences were present at most of the transgene locations. However, the loss of sequences adjacent to the right border was detected by a Southern blot in one example (Fig. 3, lane 11) . The telomeric sequence in the constructs was flanked by two EcoRV sites (Fig. 3A) . The digestion of genomic DNA with EcoRV should generate a fragment of Ϸ4 kb if there were no sequences missing. The smaller size of the EcoRV band (Ͻ4 kb) showed that some sequences within the two EcoRV sites were lost. One transgenic line with an internal telomeric sequence was grown for four generations, but no changes in either the host chromosome or the telomere signal intensity were observed. Similar results were reported for mammalian cells by Barnett and colleagues (14) , who found that internal telomeric repeats in two clones were stable after 300 population doublings and suggested that telomere-mediated chromosomal truncation occurred very soon 1-3) , B2 (4 -6), B77 (lanes 7-9), and B21 (lanes 10 -12) were digested with HindIII (lanes 1, 4, 7, and 10), EcoRV(lanes 2, 5, 8, and 11), and SmaI (lanes 3, 6, 9, and 12). The Southern blot was hybridized with the 32 P-labeled FLP probe. DNA fragment sizes were indicated at the left-hand side. Telomere smears are indicated by arrowheads. Discrete bands found for B37 and B77 events likely result from other copies of the transgene inserted elsewhere in the genome.
after integration if indeed the two processes were not occurring coincidently.
Phenotypes of Transgenic Plants with Truncated Chromosomes.
Chromosomal truncations create deficient chromosomes. However, the sporophytes of the plants with chromosomal truncations were indistinguishable from the other transgenic plants. It is known that large deletions in maize, such as deficiency for several chromosome arms, can result in abnormal phenotypes in otherwise diploid plants (27) . The observed result may indicate that large deletions in some chromosomes may be selected against during tissue culture and plant regeneration. In fact, the only large truncation recovered in 175 diploid lines was on chromosome arm 3S (Fig. 2 A and Table 1 ). Chromosomal truncations affect the gametophytes, because pollen abortion was frequently observed in transgenic lines with truncated chromosomes (Table 1) . For example, pollen abortion was observed in the B77 event with a chromosome arm 3S truncation, and the truncated chromosome was not recovered in the next generation because of the lethality of the gametes with the 3S deficiency (Table 1 ). However, it should be noted that pollen abortion could also be caused by mutational insertions of the transgene into a gametophytically vital gene, and, indeed, we observed pollen abortion in transgenic plants that had only a transgene located internally (Table 1) .
Discussion
Telomere-mediated chromosomal truncation in higher eukaryotes was first reported by Farr and colleagues (13) . When 500 bp of telomeric repeat was introduced into mammalian cells, 6 of 27 transgenes were located at chromosome ends. However, telomere-mediated chromosomal truncation occurred more frequently (24 of 44) when 1.0-kb telomeric sequence was used (14) . Hanish and colleagues (28) found that all constructs that had telomeric sequence from 0.8 to 3.2 kb seeded new telomeres efficiently. In this article, we demonstrated that a 2.6-kb telomeric sequence was efficient in producing chromosomal truncations in plants. By analyzing materials between the time of transformation and the first haploid gametophyte generation by FISH and Southern hybridization, truncations could be identified and characterized.
A previous report noted that, in human cells, nontelomeric sequences located to the 3Ј of the telomeric sequence did not affect telomere-mediated chromosomal truncation (14) . In this work, we cloned the 2.6-kb telomeric sequence into the multiple cloning sites of an existing binary vector pTF101.1 (29) , which had Ͼ300 bp of vector sequence before the T-DNA right border. The T-DNA right border was found to be essential for T-DNA transfer from Agrobacterium to the plant genome (30) . Whereas frequent and large deletions are observed at sequences adjacent to the left border during T-DNA integration, T-DNA sequences at the right border are integrated with few deletions (31) . It is reasonable to assume that all telomeric sequences in our experiment were present during the transformation. Indeed, we observed telomeric sequences by FISH in all tested lines that had an internal transgene. However, the presence of vector sequence at the right border did not prevent at least some telomeremediated chromosomal truncation in this experiment. The Southern blot with EcoRV digestion (Fig. 3, lanes 2 and 8) showed smear patterns of hybridization, which indicated that a breakage must have occurred within the telomeric sequence, and the nontelomeric vector sequence at the 3Ј of the T-DNA had been removed. The differences in size of the telomere containing fragments between events (Fig. 3 ) might be attributed to a different size of such deletions within the transformed telomere repeats or differential additions of new telomere repeats.
Although telomere-mediated chromosomal truncation was successful, the frequency of such events was low as compared with that in mammalian cells. There may be several reasons for this observation. First, plants might require a longer telomeric sequence for efficient chromosomal truncation. Efficient chromosomal truncation can be achieved by 500-to 800-bp telomeric sequence in mammalian cells (13, 14) . However, we observed only a moderate frequency of chromosomal truncations with 2.6 kb of telomeric sequences (8.7% minimum efficiency). Second, telomere-mediated chromosomal truncation was performed in mammalian cell lines, but we used a standard plant transformation process during which truncated chromosomes must pass through plant regeneration on a selection medium. Because large chromosomal deficiencies can have detrimental effects on plant growth, some truncated chromosomes might be selected against during the plant-regeneration process and thus be eliminated. Third, neocentromere activity was observed in mammalian chromosomes, which helps to preserve the truncated fragment from being lost during mitosis (20) . In contrast, we did not recover any non-centromere-associated chromosomal fragments in our transformations.
Telomeric Sequences During Transformation: Integration or Seeding a
New Telomere. Telomeric sequences are mainly localized at chromosome ends. However, they are also found at some internal locations (32) (33) (34) (35) (36) . The internal telomeric sequences were thought to have originated from recombination, ancestral chromosome fusions, or double-strand break (DSB) repairs (35, 37) . For example, sequence analysis revealed internal telomeric sequences at intrachromosomal break sites, in many cases, accompanied by deletions or random sequence additions (35) . Integrated telomeric sequences in the maize genome by genetic transformation (this report) can also produce stably maintained internal telomeric sequences. These internal telomeric sequences were monitored over four generations and were still stable. Although telomeric sequences are the preferential sequence substrate for telomerase, nontelomere sequences can also be used by the telomerase for additions of telomere sequence in mammalian cells (28) as well as in plants (38) . For example, it has been reported that telomerase could add new repeats to the nontelomeric sequences at the end of introduced telomeric sequences (28) . Indeed, the maize telomerase can add the TTTAGGG unit to many oligonucleotide primers in an in vitro chromosome-healing assay (38) . In addition, de novo telomere formation was observed as a chromosome-healing mechanism in somatic cells during a chromosome breakage-fusionbridge cycle (39, 40) . Another example of chromosome healing was reported when DSBs were generated by endonuclease, and the healing resulted in chromosomal truncations (41) . In all these cases, new telomeres were seeded on chromosomal breakage sites without the presence of telomeric sequences. However, the presence of telomeric sequences at the breakage sites significantly increases the new-telomere seeding efficiency. Chromosomal DSBs can be repaired by different mechanisms, most importantly by the nonhomologous end-joining (NHEJ) pathway and telomere healing (35) . NHEJ is a general chromosomerepair mechanism used by both plants and animals to join DSBs to a fusion product. On the contrary, telomere healing involves seeding of new telomere sequence at the end of a DSB and gives rise to a broken chromosome. It has been proposed that telomere healing may occasionally be involved in NHEJ of DSBs (35) . In addition, essential components are shared by telomeres and the DSB-repair machinery (42) . For example, many proteins involved in DSB repair are also found in telomere maintenance (43) . Agrobacterium-mediated T-DNA integration has been shown to occur through a NHEJ mechanism (44) . In a general Agrobacterium-mediated gene transformation, single-strand TDNAs are generated in the bacteria and subsequently transferred to plant cells. The single-strand T-DNA is replicated in the plant nucleus to form a dsDNA intermediate, which could be recognized as a DSB and repaired by the NHEJ pathway to give rise to an integration event. However, the telomeric sequence in the T-DNA region might change this process, probably by specifically recruiting telomerase. Thus, a transition from a NHEJ pathway to telomere healing results in the seeding of a new telomere at the integration site and the truncation of the chromosome. The observation that both internal integration and chromosomal truncation events were present in our transformations with transgenes carrying the telomeric sequences supports the transition model from a NHEJ pathway to the telomerehealing pathway. It is reasonable to argue that the presence of the telomeric sequence and the DSB act in concert to make chromosomal truncation more efficient. It is conceivable that telomeric sequences integrated at an internal site are stable, because the telomere sequence is probably not recognizable or not accessible to the telomerase without a DSB. Our data and those of others (13) , that both truncations and integrations were observed in a single transformed cell, seem to support this hypothesis.
Telomere-mediated chromosome truncation has been demonstrated to produce minichromosomes in mammalian cells (13, 14, 17, 18, 20) . By using two telomere-mediated chromosomal truncation constructs, we demonstrate that 2.6 kb of direct Arabidopsis telomeric repeats were able to produce chromosomal truncations in maize. We have also modified this technique to produce artificial minichromosomes in maize.
Materials and Methods
Plasmid Construction. Construction of a 2.6-kb direct repeat of Arabidopsis telomeric sequence, construction of plasmids, and bacterial strains used in this study are described in Supporting Text and Table 2 , which are published as supporting information on the PNAS web site.
Gene Transformation. Maize HiII (45) immature embryos were transformed by the Agrobacterium-mediated gene-transformation method (24) . Transgenic plants were grown in the greenhouse at 26°C͞20°C under 16͞8 h day͞night conditions. Pollen Abortion. Pollen abortion was examined in the greenhouse in the morning with a pocket microscope (46) .
FISH.
Root tips from young T 0 transgenic plants were collected. To harvest good root tips with the most dividing cells, transgenic plants were grown in small inserts in a tray until they had three to five leaves and were then transferred to large pots. Root tips from fast growing roots were harvested the next morning, treated, and fixed, and metaphase chromosomes were prepared according to the method described by Kato and colleagues (25) .
FISH was performed according to the method described by Kato and colleagues (25) . pWY96 plasmid DNAs were labeled with Texas red-dCTP (PerkinElmer Life Sciences, Boston, MA) by nick translation, and 50 ng of pWY96 probe was mixed with a simplified karyotyping probe mix, which contained 0.5 ng Alexa Fluor 488-dCTP-(Invitrogen, Carlsbad, CA) labeled knob (47) and 1 ng of Alexa Fluor 488-dCTP-labeled CentC (48) to localize the gross positions of transgenes. When a chromosomal truncation was suspected, a full karyotyping mixture (25) (47), and 50 ng of Coumarin-dCTP-labeled 5S 2-3-3 clone (25) . If truncation of a specific chromosome was suspected, probes specific for that chromosome were used. For example, the subtelomere 4 -12-1 clone probe was used to characterize truncations on chromosome arms 2S, 4L, 4S, 5S, and 8L (25) . To detect internal telomere sequences, 50 ng of Texas red-dCTP-labeled pWY96 probe (red) was mixed with 20 ng of Alexa Fluor 488-dCTP-labeled telomere (green) and hybridized to metaphase chromosomes of transgenic plants. Image capture and processing were performed according to the method of Kato and colleagues (25) .
Southern Hybridization. Genomic DNAs from selected transgenic plants were isolated with Plant DNAzol reagent (Invitrogen) according to the manufacturer's instructions. Twenty micrograms of genomic DNA from each sample was digested with 100 units of restriction enzyme (New England Biolabs, Beverly, MA) in 30-l volume at 37°C overnight and fractionated in 0.8% agarose gel at 25 volts overnight, denatured, and transferred to a Qiabrane nylon membrane (Qiagen, Chatsworth, CA). DNA hybridization with [ 32 P]dCTP-labeled probes and x-ray autoradiograph were conducted according to the method of Sambrook and Russell (52 
